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ABSTRACT 

3 % 3 9  
Unless preventive methods are utilized, it appears that the communi- 

cations link from a blunt body entering the Martian atmosphere will be 
blacked out during entry because of the free electron concentration in 
the wake of the capsule. Estimates of the free electron concentration 
in the wake indicate peak values of approximately 3 x 1012 electrons/ 
cm3, whereas the critical electron concentration for S-band trans- 
mission at 2295 Mc is loll electrons/cm3. The injection of a high- 
electron-affinity fluid such as carbon tetrachloride may reduce the free 
electron concentration below this critical value. The amount of fluid 
required is estimated to be on the order of 1-10 lb. The latter statement 
must be experimentally confirmed, however, before the use of an 
auxiliary fluid-injection system can be fully evaluated. 

1. INTRODUCTION 

The acquisition of data from a capsule entering a 
planetary atmosphere is dependent upon the ability of 
the communications system to transmit the physical data 
to Earth. This requirement is dependent not only on the 
ability of the electronics of the communications system to 
function properly, but also on the ability of the Earth- 
based receiver to acquire and to retain the signal trans- 
mitted from the entry capsule. The transmitted signal 
may fail to arrive at the receiver because of (1) the 
dynamics of the entering capsule, (2) the electrons that 
may be present in the wake of the capsule, and/or (3) the 
Doppler shift in the signal as the capsule is decelerated 
during planetary entry. Although all three effects must be 
considered in order to determine the probability of 

successfully obtaining the desired data during a plan- 
etary entry, this Report is restricted to an analysis of the 
blackout problem owing to ionization of the planetary 
atmosphere in the vicinity of the entry capsule. 

One of the presently conceived designs for the Mariner 
Mars-entry capsule utilizes a direct communications link 
from the entry capsule to Earth. The transmission fre- 
quency for this link will be 2295 Mc (S band). Although 
many of the aspects of this Report are applicable to other 
planetary entry capsules, the specific results are limited 
to this transmission frequency and to the Martian 
atmosphere. 

1 
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II. PLASMA ATTENUATION OF A TRANSMITTED SIGNAL 

As is well known from Earth atmospheric entry flights, 
a plasma will surround an entering body in certain ranges 
of atmospheric density and capsule velocity. This plasma 
attenuates electromagnetic waves that may be incident 
upon it by absorption and reflection. For a plane electro- 
magnetic wave penetrating a homogeneous plasma (Ref. 
1 and 2), the propagation vector is dependent upon 
(1) the transmission frequency, (2) the electron collision 
frequency, and (3)  the plasma frequency. The electron 
collision frequency represents the number of collisions 
per second of electrons with various species in the plasma 
and determines the degree of attenuation when the 
transmission frequency is greater than the plasma fre- 
quency. The plasma frequency is defined by 

i=l 

where the symbols are defined in the Nomenclature and 
the sum is over all of the ionized species present in the 
plasma. It is assumed that the plasma is electrically 
neutral, that is, that the number of electrons and negative 
ions present equals or is greater than the number of 
positive ions present. Since the mass of the electrons is 
at least three orders of magnitude less than that of the 
ions present, the plasma frequency is determined by the 
electron concentration, that is, by 

which may be expressed in cgs units as 

Examination of the relation for the propagation vector 
leads to the definition of the critical plasma frequency, 
that is, the plasma frequency that corresponds to the 
transmission frequency : 

where f is the transmission frequency in cycles per sec- 
ond. By utilizing Eq. (3)  and (4), and the fact that 
f = 2.295 X lo9 cycles/sec, one can obtain the electron 
concentration that produces the critical plasma fre- 
quency. This critical value of the electron concentration 
is 6.5 X 1 O 1 O  electrons/cm3. 

As was discussed previously, the attenuation of the 
electromagnetic waves is dependent upon the electron 
collision frequency in the plasma, since the electrons are 
the principal contributors to reflection of waves in a 
plasma. However, for the gas densities and the capsule 
velocities of interest, since the collision frequency is 
much less than the critical plasma frequency, the colli- 
sional effects on wave propagation are not important, 
although collisions are important in determining the 
thermodynamic state of the gas. Lin (Ref. 3)  shows that, 
in this case, the propagation constant can be factored 
into a real and an imaginary part. The extinction coeffi- 
cient at wavelength A is simply 

where k‘ is real. Thus the electromagnetic wave is atten- 
uated (by dispersion) for wP > o and is unaffected for 
oP < 0.l Since the collision frequency has, in fact, a 
nonzero value, there will be some attenuation when 
o > wp; as will be shown later, however, the effect of 

1The extinction coefficient k i ,  defined by Lin, is equal to - ~ A K / ~ H  
in the standard literature. The propagation constant, therefore, is 
given by 1 K 1 = 2* k ’ , / x .  The real solution for ki corresponds to 
the pure imaginary solution for the propagation constant K ,  that is, 
when wp > w. The imaginary solution for k i  corresponds to the 
real solution for KI\, that is, when w > wp. 

w 
n ELECTRON CONCENTRATION, electrons/cm3 

Fig. 1. Attenuation of a 2295-Mc signal versus plasma 
electron concentration for a collisionless plasma 
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this attenuation is negligible. The total attenuation of the 
transmitted signal is determined by the attenuation co- 
efficient and by the depth of plasma that the wave must 
penetrate. The decibel attenuation is given by 

db attenuation = 20 loglo (6) 

For a plane monochromatic wave traveling through a 
plasma of thickness z,,, the attenuation is 

(7) 

and 

(8) 
5 4 6 -  db attenuation = - 4 Z, 

A 

The decibel attenuation per unit length for a 2295-Mc 
signal is given in Fig. 1, where it is plotted versus elec- 
tron concentration in a collisionless plasma. The signal 
attenuation' increases very rapidly for electron concentra- 
tions 2 6.5 X 1 O 1 O  electrons/cm3 and is approximately 
100 db/ft at an electron concentration of 10" electrons/ 
cm3. Thus, the signal is assumed to be lost if it must 
penetrate a plasma with an electron concentration greater 
than 10" electrons/cm3. 

'The attenuation is expressed in decibels per foot, since the charac- 
teristic dimension of the Mariner entry capsule is expressed in feet. 

111. CHARACTERISTICS OF THE MARTIAN ATMOSPHERE 
AND THE CAPSULE 

At present, there is substantial uncertainty regarding 
the values of the physical properties of the Martian 
atmosphere and the variation of these properties with 
altitude above the Martian surface. In order to provide 
an expected worst case (from the standpoint of available 
time for the communication of data to Earth), a model 
atmosphere based on Kaplan's recent findings (Ref. 4) 
has been assumed. The surface pressure is assumed to be 
11 mb (23 lb/ft'), and the atmosphere is assumed to be 
isothermal at a temperature of 180°K. Based on these 
assumptions, the surface density is 2.5 X g/cm3 
(4.8 X slug/ft3). An atmospheric composition of 
40 percent NZ, 30 percent CO', and 30 percent A is 
adopted as a nominal composition. These assumptions 
result in a scale height /3 of 0.092 km-' (2.8 X ft-'). 

Since the atmosphere is assumed to be isothermal, 
density and static pressure each follow an exponential 
decay law with altitude of the form 

p = ps e-@ (9) 

P = P ,  e-@ (10) 

A discussion of the consequences of different assumptions 
regarding surface pressure (density) and composition is 
presented in Section V. 

In order to simplify the analysis, a straight-line trajec- 
tory is assumed during entry at a constant angle relative 

ENTRY TRAJECTORY 

to the local horizontal +. The surface of Mars is assumed 
to be flat so that the altitude above the surface at any 
time is independent of the ground range from the 
assumed point of entry into the atmosphere (Fig. 2). For 
an entry angle +, of 90 deg, the solution is exact (neglect- 
ing the rotation of Mars); at an entry angle of 20 deg, 
however, the curvature of Mars is no longer negligible in 
determining the velocity-time (altitude) history of the 
capsule. However, for purposes of estimating the poten- 
tial blackout problem, this consideration should merely 
shift the electron profile to some later time but should 
not substantially change the absolute value of the black- 
out time. 

With these simplifying assumptions, the velocity- 
altitude and time-altitude variations for a ballistic entry 
(Ref, 5 and 6) are given by 

where 

3 
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Fig. 3. Capsule velocity versus altitude at  Mars for 
YE = 26,600 fps a n d  a capsule 

m/CDA = 0.2 slug/ft2 

Figures 3 and 4 are obtained from Eq. (lo), (ll), and 
(12) for an entry velocity of 26,600 fps, for entry angles 
of 90 and 20 deg, and for a ballistic coefficient of 0.2 
slug/ftz. This value of the ballistic coefficient is neces- 
sary in order to obtain sufficient braking at high altitudes 
in the tenuous Martian atmosphere. The entry velocity 

SUBSONIC BALLISTIC COEFFICIENT= 

SURFACE PRESSURE = I I mb 

0.29 slug/ft2 ~ 

w' ATMOSPHERIC COMPOSITION: 
n 40% N 2, 30% C 0 2 ,  30% A a 120 
t 
3 a 
w 80 
J 
3 
rn 
P 9 40 

0 
_. 

TIME FROM ENTRY AT 200 km, sec 

Fig. 4. Capsule altitude versus time from entry a t  200 km 
for VE = 26,600 fps  and  a capsule 

m/CDA = 0.2 slug/ft2 

of 26,600 fps was selected since it represents an expected 
worst-case entry condition for the Mars oppositions in 
1967,1969, and 1971. 

As pointed out in Ref. 5, the principal characteristics 
of interest in ballistic entry can be put in the form 

where i and i are the exponents of the density and the 
velocity dependence, respectively. From this relationship, 
one may obtain relatively simple profiles for the param- 
eters that may be empirically fit to this form, for example, 
capsule deceleration and stagnation heating rates. The 
simplicity of this relation suggests that an empirical fit 
of calculated electron concentrations in this form would 
be useful. A fit to the capsule data for the Mars entry is 
discussed below. 

4 
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IV. ELECTRON CONCENTRATION IN THE VICINITY OF THE MARS-ENTRY CAPSULE 

The exact analysis of the electron concentration in the 
vicinity of the Mars-enby capsule is quite complex 
because of nonequilibrium effects. For example, the 
production of electrons is dependent on the time required 
for equipartition of the translational energy of the gas 
in the bow shock and on the residence time of the gas in 
the stagnation region. The electron concentration aft of 
the entry capsule is not only dependent on the rate of 
production of electrons, but also on the relaxation rate 
of the gas in the flow past the body. In general, since 
there is considerable uncertainty regarding the values of 
the relaxation rates, the evaluation of the local gas 
properties is difficult. 

This analysis utilizes an approximate solution based 
on chemical equilibrium in the stagnation region of the 
entry capsule, and the analysis is strictly applicable only 
for altitudes of less than 100 km at Mars. This limit is 
determined by the entry body diameter, which is here 
assumed to be 10 ft, and by the Martian density profile 
discussed above. At altitudes greater than 100 km, the 
flow can no longer be considered to be in equilibrium, 
and the Rankin+Hugoniot relations across the shock are 
no longer valid (Ref. 7). It is felt, however, that an equi- 
librium solution at higher altitudes produces a conserva- 
tive estimate of the degree of ionization; thus the results 
have been extrapolated to higher altitudes. 

The equilibrium electron concentration in the stagna- 
tion region of the capsule is determined from an equi- 
librium thermochemistry and normal-shock program 
developed by T. Horton of the Jet Propulsion Laboratory 
(JPL). The program includes an evaluation of the equi- 
librium thermodynamic state of the gas for specifed free- 
stream conditions and for a particular shock velocity. 
An empirical fit to the calculated data of the form given 
in Eq. (13) has been made for the electron concentration. 
The approximate result is within 50 percent of the cal- 
culated value for shock velocities between 14,000 and 
30,OOO fps, with the fit biased to provide a conservative 
estimate for velocities above 22,OOO fps, since this repre- 
sents the principal range of interest. The empirical fit for 
the nominal atmosphere (40 percent N2, 30 percent COP, 
30 percent A) is 

(14) = 4.9 x 10-32 0.95 ~ 1 1 . 8  P 

where 

(14,000 fps 5 V 5 30,000 fps) 

By utilizing Eq. (14) in connection with Fig. 3 and with 
the assumed variations of density with altitude, the 
stagnation-region electron-concentration profile was de- 
veloped for entry angles of 90 and 20 deg (Fig. 5 and 6). 
The maximum electron concentration in the stagnation 
region is much greater than the critical electron concen- 
tration of 10" electrons/cm3 for either the 90- or 20-deg 
entry case; in fact, it would indicate blackout of a signal 
propagating through the stagnation region for altitudes in 
the range from 150 to 18 km. In the Mariner capsule 
design, however, the antenna is at the rear of the capsule 
and is not required to transmit through the stagnation 
region. Since the signal must pass through the wake of 
the capsule, as depicted in Fig. 7, it is necessary to 
determine the electron concentration in the wake. 

Three methods have been utilized to estimate the 
electron concentration in the wake. The first is based on 
the assumption that the total number of electrons formed 
in the stagnation region is a constant (frozen flow) as the 
ionized gas flows past the body. The change in electron 
concentration is thus caused by  expansion of the gas. 

Although the isentropic expansion coefficient is not a 
constant during the gas expansion, the results are quite 
insensitive to the value selected (see Fig. 5) .  Thus, the 
electron concentration in the wake (rear face of entry 
capsule) is given by 

The pressure ratio across the shock, P , / P , ,  can be ob- 
tained from the normal-shock solution for various entry 
conditions; it has been found, however, that the pressure 
ratio across the shock can be predicted to within 30 per- 
cent by employing the Rankine-Hugoniot relations for a 
normal shock with a constant isentropic expansion co- 
efficient. Then 

It should be noted that the prediction of density and 
temperature ratios from the simple Rankine-Hugoniot 
relations is not so accurate as the prediction of the 
pressure ratio. 

Since the stagnation-region equilibrium electron con- 
centration is known from the normal-shock program 

5 
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SURFACE PRESSURE=II mb 
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V,= 26.600 fps 
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TO vc=  107 col l is ions/sec 
FOLLOWED BY A FROZEN 

, 

0 40 80 I20 I60 200 240 

ALTITUDE, km 

5. Electron concentration versus capsule altitude 
for = 90 deg 

results (or from the empirical fit of Eq. 14), the frozen- 
flow electron concentration in the wake can be obtained 
by combining Eq. (15) and (16). Frozen-flow electron 
concentrations in the wake are given for y = 1.3 and 
y = 1.43 in Fig. 5 and for y = 1.4 in Fig. 6 for an entry 
velocity of 26,600 fps. The frozen-flow expansion reduces 
the maximum electron concentration by approximately 
two orders of magnitude and reduces the apparent black- 
out altitude to approximately 100 km. 

The second method of estimating the electron concen- 
tration in the wake is based on the assumption that there 
is an isentropic equilibrium expansion of the gas from the 
stagnation pressure to the free-stream pressure. In order 
to evaluate numerically the conditions in the wake, a 
Mollier diagram for the 40 percent N,, 30 percent C02, 

"sentropic expansion coefficients for various Mars atmospheric 
models range from 1.3 to  1.4. 

0 40 80 I20 I60 200 24 

ALTITUDE, km 

Fig. 6. Electron concentration versus capsule altitude 
for $E = 20 deg 

30 percent A mixture was constructed (Fig. 8), using a 
subroutine of the thermochemistry program developed 
by T. Horton. The results of these calculations are also 
presented in Fig. 5 and 6 for an entry velocity of 26,600 
fps. Based on an isentropic equilibrium expansion of the 
gas, one would not expect blackout to occur for entry 
velocities of less than 26,600 fps. 

The final method employs a combination of equilibrium 
and frozen flow. Bray (Ref. 8) considered the case of 
flow through a rocket nozzle. He found that the flow 
could be considered to be in equilibrium to some cutoff 
point, at which the flow was frozen. As the chamber 
pressure of the rocket is decreased, Bray finds that the 
frozen-flow approximation throughout the nozzle be- 
comes an increasingly better approximation to the actual 
flow conditions. An examination of his analysis indicates 
that the flow would be in equilibrium in a typical 
rocket engine for collision frequencies greater than lo9 

6 
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STAGNATION-REGION 
ELECTRON CONCENTRAT ION 

INJECTION LOCATIONS ARE SCHEMATIC 
AND ARE DETERMINED BY MIXING 
LENGTH REQUIREMENTS AND ANTENNA COVERAGE 

Fig. 7. Entry capsule with fluid-injection 
system 

collisions/sec and frozen for lower collision frequencies. 
Since the residence time in a rocket nozzle is on the 
order of lo-' sec, the average number of collisions per 
particle required for the flow to be in equilibrium in the 
nozzle is lo5. 

If a similar argument is applied to the flow around the 
entry capsule, an estimate can be made of the state of 
the gas, that is, of the approach to equilibrium. At the 
temperatures present in the stagnation region of the entry 
capsule, the fraction of collisions that will cause a chemi- 
cal reaction to occur will be greater than in a rocket 
nozzle since the kinetic temperature of the various 
species will be higher. Since activation energies for many 
chemical reactions are on the order of 1 ev, the collision 
efficiency is expected to be higher by approximately a 
factor of 20 in the stagnation region than in a rocket 
nozzle and higher by approximately a factor of 10 in the 
wake of the entry capsule than in a rocket nozzle. 
Since the residence time of the hot gas in flowing over 
the capsule is approximately 4 X lo-' sec, a collision fre- 
quency of approximately 10' collisions/sec would be 
required for equilibrium based on the gas stagnation 
temperature, and 2 X I O i  collisions/sec based on the 
estimated wake temperature. In order to estimate the 
approach to equilibrium, an average collision frequency 
in the gas of 10' collisions/sec is adopted as a require- 
ment for equilibrium gas flow. At lower collision frequen- 
cies, the gas composition is assumed to be frozen. 

S(MW)/R 

Fig. 8. Mollier diagram for a Martian atmospheric 
composition of 40 percent N,, 30 percent CO,, 

and 30 percent A 

Now, the average particle collision frequency is given by 

where the summation is over all molecular, atomic, and 
ionic species. The average collision frequency as deter- 
mined from Eq. (17) has been evaluated along the 90-deg 
entry trajectory in the stagnation and wake regions, using 
average cross section data for all atomic and molecular 
species from Fay and Kemp (Ref. 9). The cross section 
for electron-ion, ion-ion, or electron-electron collisions 
is estimated by assuming binary collisions associated 
with long-range Coulomb forces. From Ref. 10, the cross 
section is given by 

7 
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Fig. 9. Gas and electron collision frequencies in the 
stagnation and wake regions versus 

capsule a1 t itude 

The average collision frequency in the stagnation and 
wake regions is shown in Fig. 9. It is expected that the 
gas in the stagnation region will be in equilibrium for 
altitudes in the nominal Martian atmosphere of less than 
100 km. This is in excellent agreement with the estimated 
threshold altitude for continuum flow theory. It is not 

expected, however, that the wake will be in equilibrium 
for altitudes greater than approximately 20 km. 

In order to evaluate the electron concentration in the 
wake as a function of altitude, it is assumed that the gas 
envelope around the entry body is in equilibrium for 
collision frequencies greater than lo7 collisions per sec- 
ond and is frozen for lower collision frequencies. The gas 
was assumed to undergo an equilibrium expansion from 
the stagnation region to an average collision frequency of 
lo' collisions per second (using the Mollier diagram), 
followed by a frozen expansion to ambient pressure (semi- 
frozen expansion). The resulting electron-concentration 
profile is shown in Fig. 5 for a 90-deg entry angle. The 
calculations indicate that blackout would be expected to 
occur over the altitude range from 80 to 33 km. The 
results also indicate that the frozen-flow approximation 
yields a conservative estimate of the blackout time inter- 
val; therefore, in the following discussion, the blackout 
time interval is assumed to be that corresponding to the 
all-frozen-flow case unless otherwise noted. 

Before the importance of the blackout time interval 
is discussed, the effect of the finite electron collision 
frequency on the electromagnetic wave attenuation co- 
efficient must be examined. The estimated electron col- 
lision frequency in the stagnation and wake regions is 
shown in Fig. 9. When the plasma frequency is much 
greater than the electron collision frequency in the wake 
(= 10" compared to - lo8)), there will be little effect of 
collisions for up < w (Ref. 2 and 3). At the high-altitude 
cutoff, the plasma frequency in the wake is approximately 
1 0 ' O  rad/sec, and the electron collision frequency is very 
low (- loo collisions/sec); thus one would not expect any 
attenuation owing to collisions at high altitudes. An esti- 
mate of the attenuation at low altitudes (30 km, vW = 10' 
collisions/sec, up = 1 0 ' O  rad/sec) shows the attenuation 
to be approximately 1 db/ft. Thus the blackout region 
will not be extended significantly to lower altitudes when 
collisional effects are included. 

8 
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V. EXTENSION OF RESULTS TO OTHER ENTRY CONDITIONS 
AND ATMOSPHERIC MODELS 

If it is assumed that the blackout time can be conserva- 
tively estimated by considering the frozen-flow analysis 
(see previous discussion), the electron concentration in the 
wake for other entry velocities can be calculated. By 
utilizing Eq. (14), (15), and (16), with M 2  > > 1, the elec- 
tron concentration in the wake is given by 

Now for an isothermal atmosphere, the velocity profile 
is independent of the entry velocity; thus the same frac- 
tional velocity is attained at a particular altitude, inde- 
pendent of the entry velocity. Since this condition implies 
that the free-strcam density i s  the same, the same elec- 
tron concentration profile will be obtained. Now the 
electron concentration in the wake corresponding to any 
entry velocity other than that already considered (%,so0 
fps) is given by 

This equation holds, provided that the local capsule 
velocity satisfies the relation 14,000 fps 5 V 5 30.000 f p s .  
By employing Eq. (3), the maximum plasma frequency 
in the wake versus entry velocity may be obtained. This 
is given in Fig. 10 for entry angles of 90 and 20 deg. 
Figure 10 shows that blackout would not be expected for 
entry velocities of less than 19,000 fps for a 90-deg entry 
angle or of less than approximately 21,000 fps for a 
20-deg entry angle. Since these values are based on esti- 
mates of the electron concentration in the wake that are 
expected to be conservative, it appears that blackout 
could be eliminated by utilizing a retro propulsion 
maneuver prior to capsule entry. 

By employing Eq. (20) for various entry velocities, the 
electron concentration versus time from entry at some 
altitude (200 km) can be obtained for various entry 
velocities. Electron concentration profiles and the antici- 
pated duration of blackout are shown in Fig. 11 and 12 
for various entry velocities. It should be recalled that 
blackout is initiated at the shorter time (left of Figure) 
and is terminated at a later time. TI e high-altitude cutoff, 
which has the greatest uncertainty associated with it, is 
thus to the left in Fig. 11 and 12. The blackout duration 
for each of the entry velocities is indicated in the Figures. 

40% N2, 30°/o C02, 30% A 

m/CDA = 0.2 slug/ft2 

MARS-ENTRY VELOCITY, lo3 f p s  

Fig. 10. Maximum plasma frequency in the wake of 
a Mars-entry body (based on an isentropic 

frozen expansion to P,) 

These values of blackout duration can be utilized to 
obtain Fig. 13, which relates the blackout duration to 
entry velocity for t,bE = 90 and 20 deg. As would be ex- 
pected, the blackout duration is generally longer for the 
shallow entry angle; however, the time from end of black- 
out to impact is much greater for the shallow entry. 
For example, by utilizing Fig. 4 for V, = 26,600 fps, the 
time from end of blackout to impact is 30 sec for a 90-deg 
entry angle and 135 sec for a 20-deg entry angle, assum- 
ing that there is no terminal parachute deployment. 

The calculations in this Report have been carried out 
for a ballistic coefficient of 0.2 slug/ft'; however, the 
blackout time interval is not greatly affected by the 
ballistic coefficient. Basically, a reduction in the ballistic 
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Fig. 11. Electron concentration versus time from entry for 
various entry velocities and for = 90 deg 

coefficient results in a slightly lower electron concen- 
tration, since the velocity is less at a given altitude, 
that is, free-stream density. However, the electron concen- 
tration is much less dependent on density (proportional 
to pa.") than it is on velocity Therefore, small 
variations (within a factor of two) in the ballistic co- 
efficient would not be expected to produce significantly 
different results. 

Scaling the electron concentration and blackout periods 
to other atmospheres is quite important because of the 
uncertainty in the value of the Martian atmospheric 
properties. For model atmospheres with different surface 
pressures (surface density) and the same composition as 
the nominal model atmosphere (atmosphere 1: 40 per- 
cent N,, 30 percent COP, 30 percent A), the electron 
concentration profile can be shifted to the altitude at 
which the density is the same as that in the nominal 
atmosphere. This is possible since the scale height of 
each atmosphere is the same if both atmospheres are 
isothermal at the same temperature. 
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A ~24,000 fpS 
0 V ~ = 2 1 , 5 0 0  fps 

CRITICAL ELECTRON 

IO 20 30 40 50 60 7 

TIME FROM ENTRY AT 2 0 0  km, sec 

Fig. 12. Electron concentration versus time from entry for 
various entry velocities and for = 20 deg 

SURFACE PRESSURE = I I  mb 

40% Ne, 30% C02,30% A 

ENTRY VELOCITY, lo3 fps 

Fig. 13. Blackout duration versus entry velocity 

The effects of variation in scale height on electron 
concentration can be shown by fixing the ratio of the 
local velocity on the trajectory to the entry velocity. From 
Eq. (ll), this condition, in turn, determines a certain 
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absolute pressure in the atmosphere. The local atmos- 
pheric pressure is related to scale height and atmospheric 
density by 

p = -  g m  P 
P 

where is expressed in ft-I. Therefore, if the scale height 
changes by a factor of three, the local density changes 
by a factor of three for a fixed local pressure (local veloc- 
ity to entry velocity ratio). Substitution of the density 
variation into Eq. (19) shows that the electron concen- 
tration in the wake varies by less than a factor of three. 
Therefore, so long as the scale height does not change 
by a factor of three or more, the shifting of the electron 
concentration profile can be employed with little error. 

Since equilibrium conditions are always utilized to 
estimate the electron concentration in the stagnation 
region, some idea of the effect of changing the atmos- 
pheric composition on electron concentration can he 
obtained by considering the Saha equation (Ref. 11). This 
equation, which may be used to determine the equilib- 
rium thermal ionization fraction for a particular species, 
has the form 

(22) 

If the fractional ionization is small and the various species 
are only singly ionized (as in the case of interest), the 
electron concentration in the stagnation region can be 
obtained by utilizing Eq. (22) and summing over all 
species. For entry velocities of interest, the stagnation tem- 
perature is approximately 7000°K. In this case, the electron 
concentration obtained by using model atmosphere 1 rela- 
tive to that obtained by using model atmosphere 2 
(92.5 percent N,, 7.5 percent CO,) is 

where the summation over all species refers to the species 
present in the stagnation region. However, for purposes 
of comparison, only those species that are present after 
the gas is completely dissociated are considered. Now if 
the scale heights in the two model atmospheres are 
approximately the same, the densities and velocities will 
be approximately the same at some corresponding alti- 
tudes (perhaps a higher or lower altitude in 2 compared 
to 1); thus the pressures in the stagnation region will be 
approximately the same. With these assumptions, it may 
be shown that the electron concentration in the nominal 
model atmosphere (40 percent NZ, 30 percent C 0 2 ,  30 per- 
cent A) is approximately twice the electron concentration 
in model atmosphere 2 (92.5 percent Nz, 7.5 percent C02). 
Doubling the amount of CO, in the atmosphere over the 
nominal amount would also approximately double the 
electron concentration. Although this calculation was 
limited to a stagnation-region temperature of 7000'K, a 
similar result was obtained for a 5000°K temperature in 
the stagnation region. Thus variatims in atmospheric 
composition are second-order effects so long as there is 
some CO, present (carbon is the principal contributor of 
electrons). However, even should there be no CO, pres- 
ent, the electron concentration would be only a factor 
of four less than the electron concentration calculated 
for the nominal model atmosphere. 

This study has been limited to an analysis of blunt 
bodies, since they appear to be more desirable for future 
soft-landing missions on the Martian surface; however, 
an analysis has also been performed to evaluate the com- 
munication blackout problem for high-ballistic-coefficient 
conical bodies. In this case, it appears that transmission 
through the wake of the body would be impossible if 
entry velocities of approximately 25,000 fps are utilized. 
Transmission transverse to the capsule roll axis is less 
difficult, but the results are quite sensitive to angle-of- 
attack oscillations and to the state of the boundary layer 
(whether laminar or turbulent). For a high-ballistic- 
coefficient body, the characteristic dimension is in centi- 
meters (on the order of boundary-layer thickness); thus, 
for the same attenuation, much higher entry velocities 
can be utilized, provided that communication is trans- 
verse to the body roll axis. 

11 
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Characteristic 

Deceleration, 
f t / r ec' 

Convective heating, 
Btu/ftz-sec 

Radiative heating, 
Btu/ftz-sec 

Electron concentration, 
eiectrons/cms 

VI. CAPSULE INSTRUMENTATION AS 

C" i i 

f A  1 .o 2 .o 

2.91 X lO-'r-% 0.5 3.19 

1.13 X 10-"r 1.4 5.0 

4.9 X 0.95 11.8 

Another aspect of capsule design associated with the 
blackout period is the possible failure of the capsule 
during the entry blackout period. If this were to occur, 
it would be desirable to have at least some information 
regarding the Martian atmosphere prior to blackout. 
Those characteristics that might be measured are the 
capsule deceleration and perhaps the surface temperature 
of the heat shield. As mentioned previously, the capsule 
deceleration may be expressed in the form of Eq. (13). 
Since the surface temperature of the capsule is dependent 
on the radiative and the convective heat-transfer rates 
in the stagnation region, it too can be considered to be a 
function of the free-stream density and the capsule 
velocity. As pointed out in Ref. 5, the deceleration and 
these two heating rates may be expressed as nondimen- 
sional fractions of their maximum values for various times 

i 0 RADIATIVE HEATING 

A CONVECTIVE HEATING 
PROFILE 

10-41 I PROFILE , I I 
0 5 10 15 20 25 30 35 

TIME FROM ENTRY AT 200 km, sec 

Fig. 14. Profiles for deceleration and for convective and 
radiative heat-transfer rates during entry for 

$E = 90 deg 

AN ENTRY FAILURE CONTINGENCY 

Table 1.  Stagnation-region values of C, i, and j for 
a Mars-entry capsule 

*Constant evaluated for density in slugs/fts, for velocity in ft/rec, and for 1 capsule nose radius in ft. 

I 

SURFACE PRESSURE= I I mb , ATMOSPHERIC COMPOSITION: 
40% N2, 30% C02, 30% A, m/CDA= 0.2 slug/ft2 

- 0 DECELERATION PROFILE 
0 RADIATIVE HEATING PROFILE 
A CONVECTIVE HEATING PROFILE 

30 40 50 60 70 e 
 IO-^ 

10 20 
TIME FROM ENTRY AT 200 km, sec 

Fig. 15. Profiles for deceleration and for convective and 
radiative heat-transfer rates during entry for 

qE = 20 deg 
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atmospheric composition, the capsule characteristics, and 
the entry angle, as well as on their relationship to density 

F i 
- = (+) exp [i - x l  
F,,, 

1 where 

the profiles for deceleration and for convective and radi- 
ative heat-transfer rates during entry may be determined. i 

These are presented in Fig. 14 and 15 for entry angles of 
90 and 20 deg, respectively. Superimposed on these 
graphs is the potential blackout-time interval determined 
above. The results show that the time available for pre- 
blackout measurements is very dependent on the entry 
velocity. If the entry velocity is 26,600 fps, there is 
approximately no time available from the inception of 
the continuum flow regime to the onset of blackout. 
For lower velocities, there appears to be sufficient time 
for deceleration and temperature measurements prior to 
blackout. These measurements would be useful in deter- 
mining indirectly the properties of the Martian atmos- 
phere, should the capsule fail to endure the entry or 
should the low-speed experiments fail to provide data. 
Based on the potential reward of preblackout measure- 
ments, it appears that further study is warranted to 
investigate the possibility of instrumenting the capsule 
to make these engineering measurements. 

VII. OTHER CONSIDERATIONS IN THE FLOW FIELD AND 
METHODS OF ELIMINATING BLACKOUT 

In the previous discussion, it has been shown that the 
electron concentration can be considered to be frozen 
with the same total number of electrons as are present in 
the stagnation region as the gas 00ws around the entry 
capsule. An alternate way of analyzing the electron fiow 
is to consider the reactions that will alter the electron 
concentration. There are two principal mechanisms for 
eliminating electrons from the flow field: (1) recombina- 
tion with positive ions and (2) attachment to neutral atoms. 
The rate of electron depletion by recombination is given 
by 

--- dne - 
dt i=1 

ne 2 nf ai 

where the recombination coefficient a, as given in Ref. 
12, is 

ai = ce[Qr (C)] (27) 
and Q,(8) is the cross section for any particular mode of 
recombination evaluated at the mean electron speed. 

A consideration of the various modes of electron re- 
combination indicates that the process with the largest 
cross section is dissociative recombination of electrons 

with positively charged molecules. From Ref. 12, this 
reaction has the form 

AB+ + e +  A* + B* (28) 

For the nominal Mars atmosphere, the concentrations of 
species in the stagnation region of the entry capsule that 
exhibit this large cross section (CO, Cot,, Nt,, etc.) are 
small compared to the concentration of electrons. Thus, 
even if this recombination rate were infinitely fast, the 
electron concentration would not be depleted signifi- 
cantly (less than 10 percent). 

Most of the positive ions are atomic. The principal 
modes of their recombination with electrons are radiative 
recombination and three-body recombination in the pres- 
ence of a neutral atom. From Ref. 12, these reactions 
have the form 

A'+ e+A* + hv (29) 

A+ + e + X+A* + X* 

The recombination coefficients for these modes, based on 
the calculated species concentrations in the stagnation 
region of the entry body, are all = 1W0 cm3/sec and 

(30) 
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at,, =r 10-" cm3/sec, respectively. Since the recombination 
rates of atomic ions with electrons are approximately the 
same for all species and since the sum of atomic-ion 
concentrations is approximately equal to the electron con- 
centration, Eq. (26) has the form 

Integrating, 

The time interval available for recombination is the resi- 
dence time of the species from the stagnation region to 
the wake. The residence time, as discussed previously, is 
simply the length of the capsule divided by the capsule 
velocity: 

(33) 
L a p  

VPai, 
-- Atres = 

For the entry body under study, l,.,,, = 10 ft. In Fig. 16 
are shown the recombination effects on the electron con- 
centration, assuming there is no expansion of the gas as 

0 40 80 I20 I60 200 240 

ALTITUDE. k m  

Fig. 16. Estimate of electron depletion resulting from 
recombination for i+bE = 90 deg 

it flows by the capsule. The results in Fig. 16 show that 
there is insufficient time for complete recombination as 
the gas flows around the capsule, even if the electron 
concentration has its stagnation-region value. The degree 
of recombination indicated in Fig. 16 is, therefore, over- 
estimated, since the electron and ion concentrations 
actually decrease as the flow expands around the capsule. 
Thus, these results also indicate that the flow of electrons 
is nearly frozen. 

Another mechanism for depleting the electron concen- 
tration is the attachment to neutral atoms or molecules. 
In this case, the rate of electron depletion is given by 
Eq. (12): 

From Ref. 13 and 14, the primary attachment mecha- 
nisms for low-energy electrons (< 1 ev) are radiative 
attachment 

A + e e A - +  hv (35) 

three-body attachment 

A, + e + X e A A ;  + X + energy (36) 

and dissociative attachment 

A, + e* A- + A (37) 

Attachment cross section data for many of the species of 
interest during the Mars entry have been determined; 
in most cases, however, the data correspond to electron 
energies above 2 ev and are observed in low-temperature 
plasmas. These results indicate that the three-body 
attachment cross section is much greater than the dis- 
sociative cross section for electron energies of 1 ev at low 
gas temperatures; however, the inverse collisional detach- 
ment process becomes dominant at high gas temperatures 
(as in the stagnation region of the entry body). 

Experimental results have been extrapolated in order 
to estimate the attachment cross sections of dry air (Ref. 
15), water vapor (Ref. 16), oxygen (Ref. 17), carbon di- 
oxide (Ref. 18), and carbon monoxide (Ref. 19). All of 
this information indicates that the total attachment cross 
section for electrons with energies in the range from 0.5 
to 1.0 ev is on the order of to l O - ' O  cm2. There are 
fewer cross section data available for electron attach- 
ment to neutral atoms; however, the results for 0 and H 
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indicate that this attachment section is also on the order 
of lo-', cm2. 

By using the cross section data given above for all 
neutral molecules and atoms, the depletion of electrons 
by attachment was determined to be negligible during 
the flow over the body. Since it is expected that values of 
the cross sections utilized were greater than would actu- 
ally pertain to the composition of the flow, it appears 
that electron attachment will not be important in deter- 
mining the wake electron concentration. 

In the process of obtaining electron-attachment cross 
section data for the species present in the flow, it became 
apparent that halogenated molecules exhibit a very strong 
electron affinity. It would appear, therefore, that the 
injection of halogenated molecules into the flow could 
substantially reduce the free electron concentration and 
thereby potentially eliminate the blackout problem. The 
injection of fluids into the wake of an entry body has 
previously been examined at Langley Research Center 
(LRC) ( Ref. 20). However, Ref. 20 states that the mecha- 
nism of electron depletion from injection of water or 
Freon into an ionized gas is not understood, although 
their experiments indicate that the process is not simply 
thermal quenching. Although the details of the LRC 
experimental work were not available to the author, an 
approximate analysis using electron-attachment data for 
water and Freon allowed the author to bracket the flow 
rates actually employed in the LRC experiments. Al- 
though these calculations are not conclusive, they do 
indicate that the most probable mechanism is electron 
attachment. Since there is a great deal of interest in 
eliminating communication blackout during the Mars 
entry and, in addition, for manned Earth entry, an 
approximate analysis based on the electron attachment 
process was performed for the Mars-entry flow conditions. 

The cross section data of BucheYnikova (Ref. 21) for 
SF, (sulfur hexafluoride), CC1, (carbon tetrachloride), 
CCIzF, (Freon), BCI,, HBr, HCI, H20, and 0, were 
examined to determine the best fluid for injection into the 
flow. Sulfur hexafluoride exhibits the largest cross section, 
5.7 X cm2; however, the first resonance occurs at a 
very low energy (< 0.02 ev) and has a narrow half width. 
The attachment cross section for CCl, exhibits resonance 
values of 1.3 X le1, cm2 and 1.0 X 10-l6 cmz for electron 
energies of 0.02 and 0.6 ev, respectively. The expected 
average energy of the electrons in the wake is approxi- 
mately 0.6 to 0.7 ev; thus CCI, was chosen in order to esti- 
mate the effect of injectant on the electron concentration. 

In order to obtain at least the order of magnitude of 
required flow rates, the following assumptions are made: 

1. The injectant is uniformly distributed over the c a p  
sule wake instantaneously and is not dissociated. 

2. The concentration of injectant in the wake must be 
much greater (at least a factor of ten) than the 
electron concentration in the wake so the depletion 
of injectant is negligible. 

3. The volume per unit time that must be filled is 
determined by the frontal area of the capsule times 
the capsule velocity. 

4. All electrons are produced in the stagnation region 
and there is no depletion except by attachment to 
the injected molecules, although the concentration 
decreases because of the expansion from the stag- 
nation region to the wake. 

5. The electron concentration in the wake that must be 
quenched is given by the frozen-flow or the semi- 
frozen-flow expansion (see Fig. 5). 

With these assumptions, Eq. (34) may be integrated 

1 

to give 

1111 Qatt,  i n j  (6) E Atat, In !& nz,m 
(38) n. . = 

The time interval available for the reaction is approxi- 
mately 

where zatt is a characteristic length. This length is deter- 
mined by the injection location, the mixing length of the 
injectant, and the antenna location. For the Mariner 
capsule, this characteristic length must be on the order 
of 1 ft. Using assumption 5, and recalling that the criti- 
cal electron concentration is 10" electrons/cm3 for S-band 
transmission, the concentration of injectant necessary to 
deplete the electron concentration can be estimated. 
The instantaneous flow rate of injectant can then be 
calculated if it is assumed that the flow must completely 
fill the volume swept out by the capsule frontal area. 
Then, 

Vcap Acap (40) 
ninj (MWinj) 

NJ% 
Ginj  = 62.4 

The estimated flow rate of CC1, required to reduce the 
electron concentration below the critical value is given 
in Fig. 17 for a Mars-entry velocity of 26,600 f p s  and a 
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TIME FROM ENTRY AT 200 km. sec 

Fig. 17. Estimated flow rate of CCI, necessary 
to eliminate blackout during Mars entry for 

V B  = 26,600 fps, m/CuA = 0.2 slug/ft2, 
and $E = 90 deg 

maximum capsule diameter of 10 ft. The estimated total 
required amount of CCl, (obtained by integrating the 
graphical results in Fig. 17) is 1 lb, assuming a semi- 
frozen-flow expansion, and approximately 6 lb, assuming 
a completely-frozen-flow expansion. 

It should be realized that these estimates of the weight 
of injectant are dependent on the gross assumptions made 
in the analysis; however, the required total amount of 
injectant appears to be small enough to justify further 
investigation of this technique. This effort would require 
laboratory testing to determine the effectiveness of the 
injectant in quenching the free electron concentration. 

The most important assumption that was made in the 
preceding analysis is that CCl, is not dissociated by 
mechanisms other than the electron attachment mecha- 
nism. The following discussion is an analytical exam- 
ination of this assumption. The principal competing 
mechanism for the dissociation of CC1, is through 
molecular collisions. From Ref. 22, the total number of 
collisions of the injectant per unit volume in the gas is 
given by 

n 

However, only a portion of these molecular collisions 
effectively dissociates the injectant (cc14). If it is assumed 
that all atomic and molecular species are equally effective 
in producing dissociations, the rate of molecular dis- 
sociation is given by 

where q is the collision efficiency or ratio of the effective 
number of gas kinetic collisions leading to dissociation to 
the total number of collisions. Now the desired reaction 
(electron attachment) also depletes the amount of injec- 
tant. Including this effect on a collisional basis, the total 
rate of depletion of injectant is 

- ninj  (qv:"' + vLnj) (43) 
d n i n j  - -- 

dt 

In order to obtain an estimate of the relative importance 
of molecular dissociation of the injected fluid owing to 
gas atom and molecular impact rather than electron 
impact, Eq. (43) may be rearranged in the form 

Now the relative importance of the two effects can be 
obtained by comparing the magnitude of (qv:"j/vd"j ) 
with 1. By definition, 

I 

(45) 

From molecular collision theory, 

(46) q = p e - E / R T  

where p is the steric factor (a measure of the number 
of collisions that have the proper orientation to produce 
dissociation) and E is the activation energy required for 
the reaction to take place. The interaction diameter is 
given by 

u i n j , i  = a i n j  + ui 
For species present in the vicinity of the Mars-entry 
capsule, the individual collision diameters are approxi- 
mately equal and have a value of 3.6 X cm. The 
experimental value of the collision area for cc14 is 
22.0 A' (Ref. 23), which yields a collision diameter of 
5.3 X cm. The theoretical value of the collision 
diameter of CC1, is 5.4 X cm (Ref. 24), which is in 
excellent agreement with the measured value. Thus, the 
interaction diameter is 2.0 X 

(47) 

cm?. 
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A mean molecular weight of 20 is adopted for the gas 
in the vicinity of the entry capsule for the 40 percent Nf, 
30 percent COz, 30 percent A atmospheric model. If it is 
assumed that the electrons and gas atoms have the same 
kinetic temperature, 

The attachment cross section for electrons to carbon 
tetrachloride is cmz. Thus, 

From Semonov (Ref. W), the experimental value of the 
activation energy for the decomposition of CCh, as meas- 
ured by Shilov, is 55.1 kcal/mole. However, Semenov 
points out that the expected value should be nearer the 
carbon-chlorine bond energy of 68-70 kcal/mole. A value 
of 68 kcal/mole is used in this analysis. 

The remaining factor to be determined is the steric 
factor, The maximum value of this factor is 1; for com- 
plicated molecules, however, it is more likely to have a 
value on the order of 0.1 or less (Ref. 22). For conserva- 
tism, a value of p = 0.25 is adopted in this analysis. 

An evaluation of Eq. (49) for a gas kinetic temperature 
of 7000°K yields 

(F) = 5 x 10-4 (:) 
The ratio given in Eq. (50) is shown in Fig. 18 as a 
function of altitude for a 90-deg Mars-entry trajectory 
and an entry velocity of 26,600 fps. It may be seen that 
the dissociation rate owing to molecular impact is less 
than the dissociation rate owing to electron attachment 
until the vehicle reaches an altitude of approximately 
35 km. Below this altitude, molecular collisions will 
dominate the CCl, dissociation. However, even though 
the ccl4 may be partially dissociated, the dissociated 
species, that is, CCl3, CC&, will attach electrons and 
may, in fact, have a higher electron affinity than CCl,. 
In any case, for altitudes of less than 35 km, the gas will 
nearly be in equilibrium and it is expected that the 
electron concentration in the wake will be less than the 

Fig. 18. Relative importance of atomic and electron 
collisions in CCI, dissociation 

critical value. Thus it appears that CCl, will be effective 
in reducing the free electron concentration over the 
range of altitudes in the Martian atmosphere where 
blackout is expected. 

In summary, it appears that injection of carbon tetra- 
chloride into the wake of the Mars-entry capsule may 
eliminate communication blackout at S-band frequencies 
for moderate injected weights. The primary mechanism for 
quenching the free electron concentration is through 
dissociative attachment to carbon tetrachloride. Although 
other effects will occur as the carbon tetrachloride 
comes into equilibrium with the hot gas, it appears that 
the nonequilibrium electron attachment in the vicinity 
of the vehicle is important in obtaining continuous trans- 
mission capability. However, the effectiveness of this mech- 
anism over the entire range of conditions to be encountered 
in the Mars entry must be assessed experimentally. 
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VIII. CONCLUSIONS 

The analysis indicates that communication from a low- 
ballistic-coefficient capsule will be interrupted during 
entry into the Mars atmosphere because of ionization in 
the vicinity of the entry body for entry velocities greater 
than 19,00CL20,000 fps. Since the anticipated entry Another interesting solution is the injection of a high- 
velocities for Mars-entry missions in 1966 and 1969 are electron-affinity fluid such as carbon tetrachloride into the 
significantly greater than this range, preventive methods wake of the entry body to reduce the free electron concen- 
must be employed if continuous communication with the tration (and signal attenuation) to an acceptable level. 

capsule is necessary. The most straightforward solution 
is the use of a retro braking rocket to reduce the capsule 
velocity prior to entry. 

NOMENCLATURE 

A 

C 

E 
E , / E  

l e 

F 

H 
h 

i 

i 
k 

k' 
1 
M 

MW 

m 

frontal area, ft? N,,, Avogadro's number = 6.023 X loz3 
constant (dimensions depend on the characteristic 

considered) n species concentration, particles/cm3 
molecules/mole 

P 
p steric factor, dimensionless 
Q interaction cross section, cmz 

pressure in Martian atmosphere, lb/ftz activation energy, cal/mole 

fractional energy transmitted through the plasma, 
dimensionless 

electron charge = 4.8 X 

arbitrary function (dimensions depend upon the 

statcoulombs 

characteristic considered) 

transmission frequency, cycles/sec 

acceleration of gravity at the surface of Mars = 

absolute gas enthalpy, cal/g 
altitude, km 

exponent of the density term in Eq. (14) 

exponent of the velocity term in Eq. (14) 

Boltzmann's constant = 1.38 X 10-lG 

12.3 ft/sec2 

erg/(molecule- O K )  

extinction coefficient, dimensionless 

characteristic length of entry body, ft 

Mach number, dimensionless 

cold-gas molecular weight, g/g-mole 

q collision efficiency, dimensionless 

R 
r capsule nose radius, ft 

S absolute gas entropy, cal/g-"K 

T temperature, O K  

universal gas constant = 1.98 cal/g-mole-"K 

t time, sec 
U ionization potential, ev 
u dummy variable of integration 

V 
- 
0 

W 

X 
X 

z 
z 
a 

P 

velocity, ft/sec 
mean speed, cm/sec 

flow rate, lb/sec 
fractional ionization, dimensionless 
dimensionless parameter 
ionic charge, dimensionless 
plasma thickness, cm 
recombination coefficient, cm3/sec 
scale height, km-' 

species mass, g y isentropic expansion coefficient, dimensionless 
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A ballistic coefficient, slugs/ft2 

eo permittivity of free space = (l/h) 
statcoulombs2/dyne-cm2 

1‘ argument of exponential integral 
K propagation constant, cm-l 

A 

v collision frequency, collisions/sec 

p density of atmosphere, slugs/ft3 

u collision diameter, cm 

J I  

w angular frequency, rad/sec 

wavelength of transmitted signal, cm 

angle of velocity vector with respect to local 
horizontal, deg 

Subscripts 

att attachment 

c collision 

cap capsule 

cr critical 

E entry 

e electron 

g gas 
i ith species 

inj injectant 

j jth species 

max maximum 

P 
R 
r 

res 

S 

T 
t 

tb 
t(j 

A 

0 

1 

2 

M 

plasma 

radiative recombination 

recombination 

residence 

surface 

total 
arbitrary time after entry 

three-body recombination 

wake 
wavelength 

stagnation region 

atmospheric model 1 (nominal atmosphere: 

atmospheric model 2 (92.5% NP, 7.5% CO,) 
free stream 

40% NP, 30% COP, 30% A) 

Superscripts 
cr critical value 

i ion 

inj injectant (carbon tetrachloride) 

n neutral 
V, evaluated at entry conditions 

0 value without injectant 

26,600 evaluated for an entry velocity of 26,600 fps 

- average value 
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